The suppression of local estrogens levels is of key importance in the treatment of ER-positive breast cancer. Essentially all endocrine strategies act by either suppressing estrogen formation or competitively inhibiting receptor-binding in tumor cells. Nevertheless, little is still known about the local expression of aromatase and sulfotransferase which are the key modulators of intra-tumoral estrogen levels. We have performed immunohistochemostry to investigate the expression of aromatase and sulfotransferase in 42 samples obtained directly from malignant breast tumors, and compared it to biopsies obtained from uninvolved tissue in the vicinity of the invasion front, and to distant breast tissue. We found that aromatase was equally detectable in both tumor epithelial and stroma, but was mostly epithelial in non-malignant tissues (PZ0.00008, Fisher's exact test). Also, aromatase protein expression was significantly more common in tumoral stroma when compared with peritumoral and distant breast stroma (PZ0.00005, and P!0.00001 respectively). With the notable exception of cystosarcoma phylloides, sulfotransferase protein was detectable only in epithelial tissues, regardless of the location within the diseased breast. However, epithelial sulfotransferase was correlated with epithelial aromatase (rZ0.35461, PZ 0.0009, Spearman's r test) and with the epithelial ER status (rZ0.29313, PZ0.005). We have demonstrated a differential aromatase and sulfotransferase protein expression pattern that is dependent on the spatial relation to a malignant breast tumor. Our results indicate a net increase in intratumoral active estrogen levels through increased stromal aromatization, while physiological local inactivation by sulfotransferase activity remains essentially unchanged.
Introduction
Breast cancer is by far the most common female malignancy in industrialized countries, and represents the leading cause of death among women between the ages of 30 and 45 years. Approximately, 60% of all breast cancer patients suffer from hormone-dependent breast cancer, which contains estrogen receptors (ER). While the possible biochemical role of estrogens in the development of breast cancer remains to be elucidated, estrogens directly promote growth and stimulate malignant behavior through the induction of local growth factors (Russo et al. 2003) . In premenopausal women, the ovaries are the principle source of estradiol (E2), which functions as a systemically circulating hormone and acts on distal target tissues. However, in postmenopausal women, the ovaries have ceased to produce estrogen and extragonadal sites, such as fatty tissue, liver, bone, and smooth muscle cells become the major source of estrogen production. Here, estrogens are no longer solely an endocrine factor but appear to be produced mainly locally as paracrine factors. Some authors have even argued that systemic estrogens in postmenopausal women reflect a spill-over effect from locally acting hormones (Simpson 2003) . While the local production in bone and adipocytes might serve physiological needs, malignant breast tumors also appear to produce their own estradiol locally (Sasano et al. 1997 , Chetrite et al. 2000 , Belanger et al. 2002 . Intratumoral estrogen levels have been shown to be several folds higher than corresponding systemic levels (Pasqualini et al. 1995) . Although malignant breast tissue contains all the enzymes necessary for the local biosynthesis of estrogens, there is increasing evidence that the cytochrome P450 enzyme aromatase is mainly responsible for the elevated local levels of biologically active estradiol. Aromatase catalyzes the conversion from C19 androgen precursors to C19 estrogens, and both its expression and activity are selectively upregulated in breast cancer tissues (Harada 1997 , Miller et al. 1997 , Santner et al. 1997 . In addition, it has been reported that aromatase activity, when measured in vitro, is higher in breast tumors than in the fat next to the tumor or in normal breast fat (James et al. 1987) .
While aromatase activity leads to an increase in local estrogen levels, the human estrogen sulfotransferase is responsible for the conversion of estrogens into their sulfated form, thereby reducing the levels of biologically active estrogen and counteracting the biological effects of aromatization. In analogy to the aromatase expression pattern, tumoral tissues have also been described to contain significantly higher levels of sulfotransferase activity when compared to normal breast tissue, and within malignant tumors, sulfatase levels are again higher in ERC/PRC tumors (Tseng et al. 1983) . However, these observations are somewhat challenged by other groups who have demonstrated sulfotransferase expression in normal breast cells but not in breast cancer cells (Falany & Falany 1996) . Their results imply increased sulfotransferase activity in normal breast tissue, which in turn would result in decreased proliferation through decreased levels of biologically active estradiol. In tumor tissues, the lack of epithelial sulfotransferase activity could lead to higher levels of active estradiol and consequently increased tumor cell proliferation in estrogensensitive tumor cells (Pasqualini & Chetrite 2005) . While the hypothesis appears convincing, considerable debate still exists about the regulation of local estrogen levels in breast cancer.
We have therefore investigated the spatial expression pattern of epithelial and stromal aromatase and sulfotransferase protein expression by performing immunohistochemistry on tissues obtained directly from a malignant tumor, from non-malignant tissue in the vicinity of a tumor, and from uninvolved breast tissue obtained at a distance from the tumor.
Materials and methods

Tissue specimen
Tissue arrays containing 42 paraffin-embedded sets of tissues obtained directly from the tumor (tumor), from tissue less than 15 mm distant from the invasive front of a malignant tumor (adjacent), and from normal breast tissue (distant) were purchased from Biomax (Biomax Inc, Rockville, MD, USA). The dignity of the arrayed tissues and the presence of epithelial and stromal compartments was confirmed by an experienced pathologist (KC).
Breast cancer specimens (nZ5) used for the preparation of cytosolic extracts were obtained from patients operated for breast cancer at the Clinic for Obstetrics and Gynecology, AKH, Medical University Vienna. Informed consent was obtained from all patients, and the study was approved by the ethical committee of the institution.
Immunohistochemistry
Paraffin-embedded tissue sections were deparaffined and endogenous peroxidases were inactivated by a 15 min treatment with methanol containing 3% hydrogen peroxide. After a short rinsing step in tap water, non-specific binding was blocked with goat serum for 30 min. The anti-aromatase polyclonal antibody was obtained from a rabbit immunoglobulin fraction of an antiserum prepared against human placental aromatase and was kindly provided by Dr N Harada, Fujita Health University Hospital of (Toyaoake, Japan) (Harada 1988) . It was used at a dilution of 1:1000. The monoclonal mouse estrogen sulfotransferase Ab1 antibody (EST.1) was purchased from NeoMarkers (Fremont, CA, USA) and used at a concentration of 2 mg/ml with subsequent boiling of tissue sections in 10 mM citrate buffer at pH 6.0 for 15 min.
ERa was immunostained using the monoclonal antihuman ERa antibody 1D5 (NeoMarkers), diluted at a ratio of 1:100. All slides were incubated at 4 8C overnight, washed in PBS for 5 min, and incubated with peroxidase-labeled dextran polymers conjugated to anti-mouse immunoglobulins (EnVision, DAKO Corporation, Carpinteria, CA, USA) for both sulfotransferase and aromatase. The primary ERa antibody was incubated with a biotinylated and horseradish peroxidase-labeled secondary antibody (Immuno Cruz Detection Kit, Santa Cruz Biotechnology, Santa Cruz, C F Singer et al.: Local aromatase and sulfotransferase expression www.endocrinology-journals.org CA, USA). The sections were subsequently washed with PBS and subjected to diaminobenzidine for 10 min. The reaction was finished by rinsing in distilled water for 5 min. All slides were counterstained with Mayer's hematoxyline, dehydrated, and mounted with distyrene/tricresyl phosphate/xylene (DPX) mounting medium (FLUKA, Buchs, Switzerland). Human placental tissue served as positive controls for aromatase and liver tissue served as positive control for sulfotransferase protein expression.
The protein expression was semiquantified according to the immunoreactive score (IRS) developed by Remmele & Schicketanz (1993) . The IRS is the product of staining intensity (from 0, no staining to 4, strong staining) and percentage of positive cells (0, 0% of cells stained; 1, !10% cells stained; 2, 10-50% cells stained; 3, 51-80% cells stained; 4, O80% of cells stained). The IRS can range from 0 to 12 and values of O2 are considered positive.
Western blotting
Tissues were homogenized in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 2 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethyl sulphonyl fluoride, 1% Nonidet NP-40, and combined phosphatase/protease-inhibitor cocktail (Sigma)). To remove cell fragments and nuclei, the crude homogenate was first centrifuged at 1500 g for 5 min. After centrifugation of the supernatant for 1 h at 100 000 g, the cytosol was collected. For western blotting, 80 mg protein was subjected to electrophoresis on 12% polyacrylamide gels. Separated proteins were blotted onto a polyvinylidene fluoride membrane (Pall Life Sciences, Ann Arbor, MI, USA) and probed with the monoclonal mouse estrogen sulfotransferase Ab1 antibody (final dilution 1:500) overnight at 4 8C and a peroxidase-conjugated secondary antibody (Sigma) for 2 h at room temperature. After treatment of membranes with the SuperSignalP chemiluminescent substrate (Pierce, Rockford, IL, USA), chemiluminscence signals were visualized on Kodak X-ray films. As a positive control, 2 mg insect cell cytosols containing the baculovirus-expressed human estrogen sulfotransferase (SULT1E1) (Panvera Corporation, Madison, WI, USA) were used.
Statistical analysis
Fisher's exact was used to compare the qualitative expression pattern of aromatase and sulfotransferase in both the epithelial and stromal compartment in the three sets of breast tissues. Associations between ordinal parameters were evaluated by Spearman's r test. For all analyses, a two-sided P-value !0.05 was considered statistically significant. SAS statistical software system (SAS Inc., Cary, NC, USA, version 8.1) was used for all calculations.
Results
Spatial expression of aromatase and sulfotransferase protein in intratumoral, peritumoral, and uninvolved breast tissue When the spatial expression pattern of aromatase and sulfotransferase was analyzed in tissue obtained from malignant tumors, microscopically uninvolved tissue adjacent to a malignant breast tumor, and healthy breast tissue from breast cancer patients, we found aromatase protein to be easily detectable in both stromal and epithelial cells, while sulfotransferase expression was usually confined to the epithelial compartment and was less pronounced (Table 1 and Fig. 1 ). While we did not observe differences between epithelial and stromal aromatase expression within malignant tumors (PZ0.43265, Fisher's exact test), epithelial expression of aromatase was significantly more common than stromal in peritumoral and normal tissues (PZ0.00008 and P!0.00001 respectively, Fisher's exact test). No Table 1 Immunohistochemical analysis of aromatase and sulfotransferase in human breast cancer Endocrine-Related Cancer (2006) 13 1101-1107
www.endocrinology-journals.org significant difference was found in the number of aromatase-expressing tissues when the epithelial components were compared within the three biopsy sets. However, stromal aromatase protein ion was significantly more common in tumoral tissues in comparison with peritumoral and normal tissues (PZ0.00005, and P!0.00001 respectively, Fisher's exact test). In addition, peritumoral stroma exhibited aromatase significantly more often than stroma from distant breast biopsies (PZ0.0039, Fisher's exact test). By contrast, sulfotransferase protein expression was exclusively confined to the epithelium, regardless of the location within the diseased breast. We observed weak stromal sulfotransferase expression only in the one case of a tumoral cystosarcoma phylloides biopsy that was included in the array. No significant difference in epithelial sulfotransferase protein was found when tumoral expression was compared with peritumoral (PZ0.42435, Fisher's exact test) and with peripheral (PZ1) tissue, and when peritumoral expression was compared with peripheral tissue (PZ0.56996).
Estrogen sulfotransferase expression was also demonstrated by western blotting in five cytosol samples prepared from human breast cancer specimens (Fig. 2) . A specific immunoreactive band at approximately 34 kDa, which corresponds to the baculovirus-expressed estrogen sulfotransferase band in the insect cytosol indicates the presence of estrogen sulfotransferase.
Correlation between aromatase, sulfotransferase, and ER expression in normal, tumoral, and peritumoral tissue
We then investigated possible associations between aromatase, sulfotransferase, and the ER status in both the epithelial and the stromal compartment (Table 2) . Overall, the epithelial aromatase expression was significantly correlated with epithelial sulfotransferase 
Discussion
Using immunohistochemistry, we have found a distinct pattern of aromatase expression that is dependent on the tissular relation to a malignant breast tumor. Our results are consistent with previous reports of increased levels of aromatase gene expression in the breast quadrants of breast cancer patients in which the malignant tumor was located (Simpson et al. 1994) . However, in contrast to enzymatic assays, which are usually performed on whole-tissue homogenates, immunohistochemistry permits to identify the cellular source of aromatization. Over the last years, several antibodies have been used to detect aromatase, but most are associated with limitations that make interpretation of results difficult and have consequently lead to contradictory results (Lu et al. 1996) . Only few antibodies, such as the monoclonal antibody #677, which is suitable for the immunodetection of native aromatase, and the polyclonal antibody, which is suitable for paraffin-embedded tumor samples, have shown a good correlation to biochemical aromatase activity assays (Harada 1988 , Sasano et al. 2005 .
We have used the polyclonal antibody by Harada and detected selectively increased intratumoral stromal aromatase expression, which strongly indicates the existence of a paracrine regulatory mechanism via tumor cell-derived cytokines factors. This assumption is supported by the work of several groups who also detected increased aromatase expression in tumoral stromal spindle cells when compared to benign breast lesions (Santen et al. 1994 , Sasano et al. 1994 ). While several cytokines are able to upregulate stromal aromatase protein and activity, Richards et al. (2002) have recently demonstrated that EGF and TGFb, which are both expressed by malignant breast epithelium, can directly upregulate aromatase activity in stromal cells in vitro. In addition, the two growth factors can also act indirectly by inducing COX-2 expression in stromal cells, which in turn could result in increased local PGE2 secretion and a further increase in stromal aromatase expression. However, there is also growing evidence for intrinsic epigenetic differences between tumor-associated and normal stroma; Chen et al. have proposed that physiological aromatase expression in breast fibroblasts is driven by the glucocorticoid-dependent promotor I.4, while the action of promotors I.3 and II are suppressed by the silencer negative regulatory element. In cancer cells and surrounding stroma, cAMP levels increase and aromatase promoters are switched to the cAMPdependent promoters I.3 and II (Chen et al. 1999) . While the same group has also observed an upregulation in aromatase expression in breast cancer cells themselves through non-genomic action of ERa in conjunction with growth factor-mediated pathways in vitro, our finding of unchanged aromatase protein levels in both normal and malignant breast epithelium somewhat question the clinical relevance of their results (Chen et al. 2005) . We have also been unable to detect a positive correlation between aromatase and ER status, which is in line with the observations by several other groups (Sasano et al. 1994 , Pasqualini & Chetrite 2005 . However, our results somewhat contrast the findings of Esteban et al. (1992) who even detected a negative correlation between ER status and aromatase activity. There are still considerable discrepancies concerning sulfotransferase activity in breast cancer. The exclusively epithelial sulfotransferase expression in our breast samples is consistent with previous scientific work where the enzyme was detected in both breast cancer cell lines and non-malignant SV40-immortalized breast epithelium (Anderson & Howell 1995) . However, others have been unable to detect sulfotransferase activity in most of the established breast cancer cell lines (Falany & Falany 1996) . Furthermore, while we did not find significant differences in protein expression between tumoral and non-tumoral tissue, one group has even described increased enzyme expression in normal breast epithelium when compared with malignant cells (Sharp et al. 1994) . On the other hand, increased expression of both, estrogen sulfotransferase and aromatase was found in the tumor tissue as compared to the normal breast tissue, when samples were obtained from elderly women (Qian et al. 1998) . Therefore, it is quite possible that hormonal changes, in particular, the lack of ovarian estrogen production during menopause, profoundly affect the expression of estrogen-metabolizing enzymes. The correlation between epithelial ER and epithelial sulfotransferase, as well as the correlation between epithelial sulfotransferase and epithelialaromatase indicates the presence of an auto-or paracrine-regulatory mechanism by which increases in local estrogen conversion and receptor expression are counterbalanced by increased estrogen sulfatation. Such a regulatory mechanism could be well involved in the regulation of tumor proliferation, since it has already been demonstrated that estrogen-dependent cells with high sulfotransferase expression grow more slowly than cells with low or undetectable levels of sulfotransferase (Qian et al. 1998) . The induction of intratumoral sulfotransferase activity by low-dose progestins or the 19-nortestosterone derivative tibolone thus appears to be a plausible therapeutic strategy to lower local estrogen concentrations (Chetrite et al. 1998 (Chetrite et al. , 1999 . However, the selective upregulation of aromatase expression in malignant tumors has already been demonstrated to result in a biologically relevant increase in local estrogen levels and significant stimulation of tumor cell proliferation, and therefore renders this enzyme a considerably more desirable target (Lu et al. 1996) .
Indeed, the inhibition of intratumoral aromatase by highly selective inhibitors has recently been shown to be the most effective endocrine therapeutic strategy in postemenopausal receptor-positive women with breast cancer in several large clinical trials.
